Local versus distant coherence of hippocampal CA1 pyramidal cells was investigated in the behaving rat. Temporal crosscorrelation of pyramidal cells revealed a significantly stronger relationship among local (Ͻ140 m) pyramidal neurons compared with distant (Ͼ300 m) neurons during non-thetaassociated immobility and sleep but not during thetaassociated running and walking. In contrast, cross-correlation between local pyramidal cell-interneuron pairs was significantly stronger than between distant pairs during theta oscillations but were similar during non-theta-associated behaviors. We suggest that network state-dependent functional clustering of neuronal activity emerges because of the differential contribution of the main excitatory inputs, the perforant path, and Schaffer collaterals during theta and non-theta behaviors.
Neighboring and distant hippocampal "place" cells have been postulated to have the same probability for representing the same part of the environment (O' Keefe and Nadel, 1978; Muller et al., 1987; Wilson and McNaughton, 1993) , suggesting that, unlike neocortical structures, the hippocampus does not code information in a simple topographic format (but see Eichenbaum et al., 1989) . In contrast, paradigms that involve other than place learning indicate that nearby hippocampal neurons may discharge together, suggesting local clustering of similarly responding neurons (Hampson et al., 1996; Thompson 1986 Thompson , 1999 .
Functional clustering of actively spiking neurons depends primarily on the configuration of the inputs. In various networks states, different sets of afferents may drive the same neuronal population, giving rise to state-dependent firing relationship among the cells. The two major network patterns of the hippocampus are theta oscillation in the awake, exploring rat and during REM sleep and non-theta state associated with consummatory behaviors and slow wave sleep (SWS) (Vanderwolf, 1969; Buzsáki et al., 1983; Bland, 1986; Stewart and Fox, 1990; Chrobak and Buzsáki, 1996) . The entorhinal input and the Schaffer collateral afferents are the major pathways that are critically involved in the generation of theta oscillation and sharp waves of non-theta state in the CA1 region, respectively (Buzsáki et al., 1983) . These pathways have different topographic distributions in the CA1 region (Amaral and Witter, 1989; Ishizuka et al., 1990; Li et al., 1994; Tamamaki and Nojyo, 1995) . We hypothesized that the state-dependent participation of afferents may affect the spatial clustering of neuronal discharges in the hippocampal CA1 region.
MATERIALS AND METHODS
T welve male rats of the L ong-Evans strain (300 -500 gm) were implanted with eight individually movable tetrodes. The tetrodes were inserted into the CA1 pyramidal layer with 300 m center spacings. Before implantation, the rats were trained to run continuously in a running wheel (29.5 cm in diameter) for water reinforcement available in an adjacent box (C zurkó et al., 1999) . After amplification (10,000ϫ) and band-pass filtering (1 Hz to 5 kHz) field potentials and extracellular action potentials were digitized continuously at a 20 kHz rate with a DataMax system (16-bit resolution; RC Electronics, Santa Barbara, CA). Interneurons and pyramidal cells were separated by a multidimensional clustering method using the principal components of the detected spikes (Wilson and McNaughton, 1993; C sicsvari et al., 1999) . Only units with clear refractory periods, well defined cluster boundaries, and firing rates Ͼ0.02 Hz were included in the analysis. Theta activity during the wheel running task was detected by calculating the ratio of the Fourier components of the theta (5-10 Hz) and delta (2-4 Hz) frequency bands. Non-theta epochs with sleep posture and closed eyes were classified as SWS. A ratio of more than six identified theta epochs and epochs with less than three theta /delta ratios identified non-theta epochs.
To quantif y coactivation of neurons, first a cross-correlogram between cell pairs was computed. Each bar of the histogram was divided by the bin width and by the total length of recording. This normalized the cross-correlogram (i.e., when two units are not correlated, the height of the bar is equal to the product of firing rate[unit 1] and firing rate[unit 2]; in square Hertz). Next, the cross-correlogram was f urther divided by the firing rates of unit 1 and unit 2. This produced cross-correlograms that were independent of firing rate of the units. The summed center bins of the cross-correlograms (100 msec) were used for examining the relationship between coactivity of local (i.e., neurons isolated from the same tetrode) versus distal (neurons recorded from different tetrodes) neuron pairs. After completion of the experiments, the rats were deeply anesthetized and perf used. The brains were sectioned and stained with the cresyl violet method to verif y electrode placements.
RESULTS
Spike data were collected during two different network states of the hippocampus. Theta behaviors refer to running in the wheel and walking in the box area of the training apparatus. Non-theta behaviors included immobility and SWS recorded in the home cage of the rat (Fig. 1) . The autocorrelograms of spike data were similar during running and walking and also during immobility and SWS. The data analysis is based on 140 pyramidal cells and 28 interneurons in 12 rats.
Local clustering of neuronal activity was examined by crosscorrelating cell discharges of neighboring (Ͻ140 m) and distant (Ͼ300 m) neurons. Local neurons, recorded from the same electrode, were Ͻ140 m from each other because this is the maximum diameter of a cylinder of CA1 pyramidal neurons from which wire tetrodes can record spikes with sufficiently large amplitude to be discriminated . Figure 2 summarizes the main findings. Interactions among local or distant pyramidal neurons were similar during theta state, as revealed by the similar correlations between neuron pairs recorded from the same or different tetrodes (Fig. 2a) . The central peaks flanked by additional peaks in the crosscorrelogram at ϳ130 msec reflect theta modulation of pyramidal cells . In contrast, local pyramidal neurons displayed a significantly stronger temporal correlation than distant pyramidal cells in non-theta state ( p Ͻ 0.0005; t test) (Fig.  2b) . In addition to the correlations among pyramidal cells, we also examined the correlations between pyramidal cells and simultaneously recorded interneurons (Fig. 2c,d ). This comparison revealed a different spatial clustering. Similar to pyramidal cellpyramidal cell interactions, the correlations between locally recorded pyramidal cell-interneuron pairs were stronger than between distant pyramidal cells and interneurons. However, the local versus distal difference was significant only in theta state ( p Ͻ 0.02) (Fig. 2c) .
The duration of elevated coactivity was ϳ100 msec in all cross-correlograms, independent of the network state (Fig. 2) . These peaks reflect time-locked discharges of pyramidal cells and interneurons to the same phase of the theta cycle during running and walking and coactivation of most neurons during intermittent sharp wave bursts of non-theta behaviors (Buzsáki et al., 1992; Csicsvari et al., 1999) . Furthermore, the magnitude of the central peaks in the cross-correlograms was larger in non-theta states than in theta state, reflecting a significantly stronger population synchrony during sharp waves of non-theta state compared with theta oscillations (Buzsáki et al., 1992; Csicsvari et al., 1999) .
DISCUSSION
The major findings of the present experiments are that the temporal correlation among neurons depends on the distance of the recorded neurons as well as on the state of the network. Furthermore, the state-dependent modulation of coactivation also depended on the neuron types. Our findings are compatible with previous suggestions that neighboring and distant place cells have the same probability of coactivation in the awake rat (O'Keefe and Nadel, 1978; Muller et al., 1987; Wilson and McNaughton, 1993; Redish et al., 2000) (but see Eichenbaum et al., 1989) . However, the findings also show a high local coherence of pyramidal cell discharges during behaviors characterized by the absence of theta oscillations.
We suggest that the state-dependent relative activity of afferent pathways, mediating theta and non-theta network patterns, might explain the state-dependent differences in neuronal synchrony as a function of distance. Theta oscillations and sharp waves of non-theta states represent two extreme states of excitability in the hippocampal network. However, during natural behaviors, a variety of intermediate excitability patterns are present (Buzsáki et al., 1983) . Theta waves emerge as a result of a complex interaction between the entorhinal input, the CA3 associational inputs, and rhythmically firing interneurons (Buzsáki et al., 1983) . Both the associational and entorhinal inputs to CA1 neurons have well defined but distinct topographic distributions (Amaral and Witter, 1989; Ishizuka et al., 1990; Li et al., 1994) . Differential activity of these inputs may give rise to a variety of functional maps in the CA1 neuronal population. On the other hand, non-theta state characterized by intermittent sharp wave bursts reflect the activity of the CA3-CA1 connections (Buzsáki et al., 1983; Ylinen et al., 1995) . Therefore, a simpler functional clustering of neurons is expected in non-theta state. In support of this hypothesis, activity of single CA3 pyramidal neurons can predict the location of sharp wave-associated ripple oscillations in the CA1 pyramidal layer with better than 600 m spatial resolution .
The significantly higher spike correlation of locally recorded pyramidal cell-interneuron pairs, compared with distant pairs during theta activity, can be explained by the network statedependent modulation of spike transmission probability between pyramidal cells and interneurons (Miles, 1990; Csicsvari et al., 1998; Verheugen et al., 1999) . In those studies, most of the monosynaptically connected pyramidal cell-interneuron pairs were recorded within Ͻ150 m. Furthermore, the spike transmission probability between pyramidal cells and interneurons varied as a function of behavior and the firing pattern of the presynaptic pyramidal cell. The maximum spike transmission probability occurred at 5-25 Hz of pyramidal activity (Marshall et al., 2000) , a range that is comparable with the activity of place cells (O'Keefe and Nadel, 1978) . Overall, pyramidal-interneuron spike transmission probability is decreased during sharp wave bursts. Although both neuronal populations show marked increase in discharge rate, the rate of increase is much larger for pyramidal cells, resulting in a transient twofold to threefold gain in network excitability . These observations suggest that the potentiating effects between pyramidal-interneuron pairs during theta activity may be responsible for the increased cross-correlation in theta state.
An implication of our observations is that, when the network state of the hippocampus varies in a given behavioral task, the temporal relationship of the recorded neurons will vary as a function of their distance. A recent paper reported behaviordependent anatomical clustering of hippocampal cell activity, implying that computation of various task variables were performed by anatomically segregated groups of neurons (Hampson et al., 1999) . Figure 1a of that paper shows that the ensemble discharge rate of the hippocampal network varied twofold to threefold within both the same behavioral trial and across correct and incorrect trials. The magnitude of within-trial firing rate changes at the population level was similar to the expected variation in network excitability along the theta-sharp wave continuum . On the basis of the present obser- vations, we suggest that at least some of the task-related topographic changes of neuronal activity in the Hampson et al. (1999) study may reflect state-dependent differential contribution of afferent activity.
The present results do suggest a functional segregation of CA1 pyramidal neurons (Eichenbaum et al., 1989) . However, this segregation was evident mostly in non-theta state, when the main excitatory drive to the hippocampus arrives from the CA3 region (Buzsáki et al., 1983; Csicsvari et al., 2000) . Such local clustering may emerge because during sharp waves selective subgroups of CA3 pyramidal cells discharge together preferentially and consistently (Wilson and McNaughton, 1994; Kudrimoti et al., 1999; Nadasdy et al., 1999; Csicsvari et al., 2000) . Given the spatially broad but nevertheless strictly organized projection of CA3 pyramidal cells (Ishizuka et al., 1990; Li et al., 1994) , neighboring CA1 pyramidal neurons may discharge together. In contrast, during theta-associated behaviors, the CA3 drive is considerably weaker, and now the convergence of the direct entorhinal input and the trisynaptic granule cell-CA3-CA1 pyramidal cell pathway may be critical for threshold level depolarization of CA1 pyramidal cells Hasselmo et al. 2000) . The convergence of the monosynaptic and multisynaptic pathways is expected to give rise to considerably larger functional variability than that observed during sharp wave events.
